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A partial nucleotide sequence that included 1,693 base pairs of the M12 (emm12) gene of group A streptococci
(strain CS24) and adjacent upstream DNA was determined. Type 12 M protein-specific mRNA of strain CS24
is transcribed from two promoters (P, and P;) separated by 30 bases. The transcription start sites of the emm12
gene were located more than 400 bases downstream of a deletion that causes decreased M-protein gene
transcription in strain CS64. Deletion analysis of M protein-expressing plasmids indicated that an upstream
region greater than 1 kilobase is required for M-protein gene expression. The M-protein gene transcriptional
unit appears to be monocistronic. Analysis of the emm12 DNA sequence revealed three major repeat regions.
Two copies of each repeat, A and B, existed within the variable 5’ end of the gene; repeat C demarcated the
5’ end of the constant region shared by emmI2 and emm6.

M protein protects Streptococcus pyogenes from phago-
cytosis by human polymorphonuclear leukocytes (20, 23).
The change by group A streptococci from high-level expres-
sion of this surface protein (M*) to a nonexpressive (M™)
state was shown by Todd and Lancefield (42) to parallel the
change from an opaque (matt) to a transparent (glossy)
colony phenotype; in a more recent report (35) it has been
shown that the switch from high to low levels of M-protein
expression occurs at high frequency and is reversible, which
are characteristics of phase variation described for other
bacterial species (7, 26). In addition to phase variation of
M-protein expression (35), streptococci also exhibit both
antigenic variation (more than 70 strains with antigenically
distinct M proteins have been described) and size variation
of this protein (11). The mechanisms that control phase and
antigenic variation and the relationship between them is not
understood. Although the nature of M protein as an
antiphagocytic molecule has been demonstrated, a role for
the M~ state in the survival of the organism has not been
identified. Phase variation has been postulated to be a
virulence factor that controls the expression of the type 1
pilus of Escherichia coli (6, 7) and the pilus of Neisseria
gonorrhoeae (26).

The phase switch in M-protein expression by the M*
group A streptococcal strain CS24 can produce nonrever-
tible, phase-locked variants which have suppressed levels of
type 12 M protein (35). In one such variant, strain CS64, this
change is accompanied by a deletion of approximately 50
base pairs (bp) near the 5’ end of the structural gene (39).
Recently, it was shown that phase variation of type 12 M
protein can occur concomitantly with either gross genomic
rearrangements neighboring the M 12 gene (deletions de-
tected by Southern analysis) or by alterations that have not
been identified by Southern analysis. The former case rep-
resents a class of phase variants that are phase locked; i.e.,
they do not revert to the M* state; on the other hand, the
latter type of phase variants is characterized by a revertible
phenotype, switching at a high frequency (35). Here we
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report results of a study of the role of upstream neighboring
sequences in the regulation of expression of the emm12 gene
of strain CS24 in E. coli, describe the physical relationship
between the deletion in strain CS64 and the 5’ end of the
emml?2 gene, and study the transcriptional activity of the
emml2 gene by Northern and primer extension analyses. We
found that transcription of the emmI2 gene in strain CS64 is
diminished by more than 100-fold and that the deletion is
more than 400 bases upstream from the transcription start
sites of the emm12 gene.

MATERIALS AND METHODS

Bacterial strains, plasmids, bacteriophage, and media. M
type 12 group A streptococcal strain CS24 and variant CS64
have been described previously (3, 39). Liquid cultures of
group A streptococci were grown in Todd-Hewitt broth
supplemented with 1% Neopeptone (Difco Laboratories,
Detroit, Mich.) for 15 to 18 h at 37°C. E. coli IM83, IM103,
and JM110, carrying constructs of plasmids pUC19 and
pUC18, were propagated in L broth or on L agar containing
ampicillin (30 pg/ml) and S-bromo-4-chloro-3-indolyl-B-D-
galactoside (0.03%) at 37°C. All plasmids used and con-
structed in this study are listed in Fig. 1.

Plasmids pPC101, pPC106, and pPC113 have been de-
scribed previously (39). Plasmid pPC134 is a subclone of
lambda clone EMBL3-WS3 (35). Plasmid pPC106 was lin-
earized with HindIII and then digested with Bal 31, circu-
larized with BamHI linkers (New England BioLabs, Inc.,
Beverly, Mass.), and ligated to produce plasmid pPC114.
Plasmid pPC124 was the 1,977-bp Haelll A fragment from
plasmid pPC101 ligated to HinclI-linearized plasmid pUC9.
Plasmid pPC421 was composed of the insert of plasmid
pPC124 cloned in plasmid pUC9 in the opposite orientation.
Plasmid pPC145 was constructed by linearizing plasmid
pPC124 with Hincll and recircularizing the resultant
4,000-bp restriction fragment. Recombinant phage were
plaque purified from a genomic library of strain CS24 con-
structed with the lambda vector EMBL3 grown on E. coli
host strains NM538 and NM5S39 (Promega Biotech, Madi-
son, Wis.).

Colony opacity and M-protein expression determination.
Streptococcal colonies were grown and identified as either
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opaque or less opaque phenotypes, as described by Simpson
and Cleary (35). M-protein extractions were performed as
described by Lancefield and Perlmann (21) and assayed by
double diffusion (38). M-protein production by E. coli was
assayed as described previously (39).

DNA preparation, cloning, and restriction enzyme analysis.
Plasmid DNA was prepared from 3- or 500-ml cultures by the
alkaline lysis procedure described by Birnboim and Doly (1).
Plasmid and phage DNA were digested with restriction
enzymes or Bal 31 according to the specifications of the
manufacturer (New England BioLabs). Restriction enzyme
digestion and agarose gel electrophoresis were used to map
subclones of plasmids pPC101 and pPC106 and recombinant
phage EMBL3-WS3 and to isolate restriction fragments for
subsequent subcloning. DNA fragments were electroeluted
from agarose onto DES81 paper (Schleicher & Schuell, Inc.,
Keene, N.H.), eluted from the paper in 20 mM Tris hydro-
chloride (pH 7.5)-1 mM EDTA-1.5 M NaCl, and ethanol
precipitated for further use. Ligations were done as de-
scribed by Maniatis et al. (23), after linearized vector frag-
ments were dephosphorylated with calf intestinal phos-
phatase (Boehringer Mannheim Biochemicals, Inc., India-
napolis, Ind.). Rubidium chloride-induced competent E. coli
host cells were transformed with recombinant plasmids
(23).

DNA sequencing. The DNA sequencing strategy used in
this study is shown in Fig. 2. Specific restriction fragments of
cloned DNA were chemically sequenced by the method
described by Maxam and Gilbert (24). Purification of M13
plaques and preparation of single-stranded M13 DNA were
performed as described by Messing (25). Overlapping sets of
recombinant M13 deletion clones were prepared by the
method described by Dale et al. (5) and sequenced by the
dideoxy chain-termination method (34) with the universal
M13 primer (15).

Streptococcal RNA preparation. Cultures of 100 ml of
streptococci were grown to a concentration of approxi-
mately 108 cells per ml and then centrifuged at 6,000 X g for
S min. The cell pellet was suspended in 20 ml of Todd-Hewitt
broth (pH 6.1) supplemented with 30% (wt/vol) sucrose;
MgCl, and dithiothreitol were added to 1 and 0.5 mM,
respectively, immediately before protoplasts were prepared.
The suspended cells were then incubated with phage lysin (9)
at 37°C for 15 min with occasional shaking. Protoplasts were
then recovered by centrifugation at 10,000 X g for S min in
an RNase-free Corex tube at 4°C and suspended in 3 ml of
ice-cold 4 M guanidinium isothiocyanate (Fluka Chemical,
Inc., Haupauge, N.Y.) containing 0.05% Sarkosyl (CIBA-
GEIGY Corp., Summit, N.J.), 0.1 M B-mercaptoethanol,
and 25 mM sodium citrate. Protoplast disruption was com-
pleted by drawing the solution through an 18-gauge needle
until a homogeneous solution resulted. CsCl (1.2 g) was then
added, and the suspension was vortexed to yield a final
volume of 3.5 ml. This solution was layered onto a 1.4-ml 5.7
M CsCl solution containing 100 mM EDTA (pH 7.0) in a
polyallomar tube (326819; Beckman Instruments, Inc.,
Fullerton, Calif.) and then centrifuged in a rotor (SW50.1;
Beckman) for 16 h at 21°C. The pelleted RNA was sus-
pended in 450 pl of ice-cold distilled H,O treated with
diethylpyrocarbonate (Sigma Chemical Co., St. Louis, Mo.).
The RNA suspension was vortexed and centrifuged in an
Eppendorf centrifuge for 1 min at 4°C, and the resultant
supernatant ethanol was precipitated with a 1/10 volume of 3
M sodium acetate (pH 5.2) and 2.2 volumes of ethanol at
70°C. The RNA was stored in ethanol or diethylpyrocarbon-
ate-treated H,O after it was washed in 70% ethanol. Cultures
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of 100 ml of streptococci averaged a yield of about 2 mg of
RNA.

DNA oligomer synthesis. Oligomers were synthesized on a
DNA synthesizer (Biosearch) and purified by polyacryl-
amide gel electrophoresis by the method described by E.
Retzel and K. Staskus (personal communication).

Primer extension and RNA sequencing. Total cellular
RNAs (16 pg) were hybridized with oligomeric DNA (2 ng)
in H,O by boiling the reactions for 5 min, followed by slow
cooling to 42°C. Second-strand synthesis was accomplished
by incubating the primer-template complex at 42°C for 15
min with S U of avian myeloblastosis virus reverse tran-
scriptase (Boehringer Mannheim) in a reaction mixture of 50
mM Tris hydrochloride (pH 7.8)-40 mM KCI-5 mM
MgCl,-10 mM dithiothreitol-100 uM dGTP and dATP-400
uM dTTP-50 pCi of [a-32P]dCTP (3,000 Ci/mM). Reactions
were chased with 100 uM dATP, dGTP, dCTP, and dTTP at
37°C for 10 min and terminated by the addition of an equal
volume of a mixture containing 98% formamide, 50 mM
EDTA (pH 8.0), and 0.1% bromophenol blue and cyanol
blue. Samples were then boiled for 3 min, loaded onto an 8%
polyacrylamide-7 M urea gel, and electrophoresed (1,000 V
for 3 h) to determine the size of the primer extension reaction
products. The RNA sequencing reaction mixture was as
described above for the primer extension reaction, except
that 50 wCi of [a->*S]dATP was substituted for [a->?P]dCTP,
and dideoxynucleotide triphosphates were substituted for
deoxynucleotides in each of four reactions, as described by
Hamlyn et al. (13).

Northern and dot blot analysis. Formaldehyde agarose gel
electrophoresis was performed essentially as described by
Maniatis et al. (23), except that the final running buffer was
20 mM MOPS (morpholinepropanesulfonic acid), 5 mM
sodium acetate, and 1 mM EDTA (pH 7.0); and ethidium
bromide was added to the gel at a final concentration of 1
pg/ml. RNA was blotted onto nitrocellulose in 6X SSC
buffer (1x SSC is 0.15 M NaCl plus 0.015 M sodium citrate;
Schleicher and Schuell), as described by Thomas (41).
Prehybridization and hybridization with oligomer probes
were performed at a 7,,, — 5°C in 4x SET (1x SET is 25 mM
NaCl, 1.5 mM Tris [pH 7.4], and 0.1 mM EDTA) 0.1%
sodium PP;, 0.2% sodium dodecyl sulfate, and 50 pg of
heparin per ml, as described by Singh and Jones (36);
nick-translated probes (31) were used by the procedure
described by Thomas (41). Oligomer probes were 3’ labeled
to a specific activity of greater than 10° cpm/pg with terminal
deoxynucleotidyl transferase (Bethesda Research Laborato-
ries, Inc., Gaithersburg, Md.) by the specifications of Collins
and Hunsaker (4).

RESULTS

Deletion analysis. Plasmid pPC106 was described previ-
ously (39) as a deletion subclone of pPC101 which encodes a
cross-reacting M12 protein. Although these data indicate the
direction of the M12 gene transcription and demonstrate that
the boundary of the streptococcal insert interrupts the M12
coding sequence, regulatory elements controlling gene
expression, including the streptococcal promoter, were not
identified. Plasmid DNAs of pPC101 and pPC106 were the
source of restriction fragments for construction of recombi-
nant DNA subclones which define the streptococcal DNA
required for expression of the M protein gene. The subclon-
ing is described in Fig. 1, and the ability of DNA fragments
to express M12 protein is summarized. We found that
plasmids pPC113 and pPC124 both express M12 protein,
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FIG. 1. Restriction endonuclease map of the Mbol-Pvull fragment of S. pyogenes DNA encoding the type 12 M protein. The restriction
map coordinates indicate the base pairs from the Haelll site at base 0. The ability of plasmid subclones to express the M protein that was
detectable by double-diffusion analysis is shown next to the indicated restriction fragment cloned in either pUC18 or pUC19. Plasmid

constructs are described in the text. ND, Not done.

which is antigenically idertical to M protein expressed by
pPC101 and that found on the surface of streptococcal strain
CS24 when analyzed by immunodiffusion. The elimination of
~1.6 kilobases (kb) of DNA upstream of the M12 coding
sequence, a Pvull-Haelll fragment (bases —1650 to 0),
prevents expression of M protein by plasmid pPC421 in
strain JM103. Concordantly, we also observed that M pro-
tein is not expressed by plasmnds pPC114 and pPCl45.
Based on data presented later in this report (see Fig. 4), we
know that the promoter region controlling M-protein synthe-
sis was not eliminated in these subclones; therefore, we
conclude that this upstream region is required for M-protein
gene expression. Expression of M protein from the strepto-
coccal insert of plasmid pPC124 may require that it be
oriented in the same direction as the lac promoter. M protein
was not produced by clones that contained this insert in the
opposite orientation, i.e., pPC421 (Fig. 1). Thus, expression
by pPC124 may be the result of transcription originating
from the lac promoter. By contrast, plasmid pPC145 did not
express M antigen, even though emm1i2 was oriented in the
same direction as the lac promoter. This suggests that the
sequence between the 5’ boundaries of the streptococcal
insert of pPC124 and pPC145 is required for expression of
emml2 independent of the transcription start site. To better
define the boundaries of the emmlI2 gene and adjacent
regulatory regions, cloned DNA was sequenced and primer
extension analysis of streptococcal mRNA was performed.
DNA sequencmg of emm12 and upstream sequences. DNA
sequencing of the ~2.0-kb Haelll fragment (bases 0 to 1977)
was performed to determine the potential coding regions for
M protein, the M-protein promoter, and possible upstream
regulatory elements. Analysis of 2.97 kb of DNA sequence
data (Fig. 2) derived by sequencing portions of plasmids
pPC101, pPC106, and pPC134 by the sequencing strategy
summarized in Fig. 3 revealed a single open reading frame
that could encode type 12 M protein. A predicted amino acid
composition of a primarily hydrophilic peptide starting at
base 1280 (Fig. 2) was similar to that described previously
(40) for type 12 M protein; furthermore, the open reading
frame began with a potential hydrophobic signal peptide of

41 amino acid residues, similar to that found in the type 6 M
protein (14), and is preceded by a possible ribosome binding
site (TAAGGAGC) (37), seven bases upstream of the puta-
tive translation start at base 1280 (Fig. 2). An alternative
ATG at base 1556 was not considered a likely candidate for
a translation start codon of a bacterial surface protein, as
neither a signal sequence nor a ribosome binding site was
indicated by the DNA sequence. The putative M12 open
reading frame encodes a peptide of 73,075 M,; its 3’ end was
also found to be 98% homologous (582 of 598 bp; 2375 to
2972 bp) with the carboxy terminus of the type 6 M protein
(Fig. 2). The cloned M12 coding region lacked a termination
codon; by analogy with emm6, 35 bp of the coding region of
emmli2 was undetermined.

Plasmid pPC106 was suggested to encode a truncated M12
protein based on immunodiffusion comparison with ex-
tracted streptococcal antigen (39). This conclusion is com-
patible with the fact that this insert includes nucleotides 1280
to 1772, which would direct the synthesis of an amino-
terminal fragment of the M12 antigen. A synthetic peptide
corresponding to the first 25 amino acids of the mature M12
protein and predicted from this DNA sequence has been
shown to induce antibody which is opsonic for type M12
streptococci (E. Beachey and P. Cleary, unpublished data).
Based on these observations, we conclude that the M12 gene
(emm12) must be encoded by this reading frame and confirm
that the plasmid pPC101 insert lacks the carboxy terminus of
the M12 protein. Two other reading frames also contain
translation start codons that could encode other peptides
(base < 0 to 279 and base 299 to 1000). A codon preference
analysis (8) of the larger of these two open reading frames
suggests that the codon usage is not random, which is a
characteristic of open reading frames that encode proteins.

Transcription initiation of the emm12 gene. A 20-base DNA
oligomer that complemented the leader sequence of the
presumiptive emmI2 gene and no other known emmli2 gene
sequence was synthesized, hybridized with strain CS24 total
cellular RNA, and used in a primer extension reaction to
determine the transcription start of the emmi2 gene. The
results suggest that emm1I2 in the wild-type strain CS24 is
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AGTTTAATGA TAAAAGAGGT CGATGTGAGG STTAATTTTA CGTTATTTCA GCACCTAAAA 120
ATACTAAGCT “AGTTAACTT GATTCGCTAT TACAAGGGAT ACTCTGCCGT CTACGACAAA 180
CAAAAAAACC AGTCACCGTT TTTCTCAGCT CATCCAATCA TCCTTAGAAA TCCAAGACCT 240
TTCACGCTTA TTTTACCTCA AATTTGGACT ATACCTAGAT GAGACTACCA TAGCTGACET 300
GTTCTCTAAT CACGTTAATG ACCAATTAGA AATCGGTTAT GCGTTTGATA GCATCAAACA 360
AGACTCACCA ACGGGCTGTC GAAAAGTGAC CAACTGGGTT CATCTCCTTG ATGAGTTAGA 420
AATCAGGCTG AATCTCAGCG TCACCAACAA ATACGAAGTA GCTGTCATCC TTCATAACAC 480
TACCGTCTTG AAAGAAGAAG ATATCACCGC TAATTACCTG TTCTTCGATT ACAAAAAAAG 540
TTACCTCAAC TTTTACAAGC AAGAACACCC TCATCTTTAT AAAGCATTTG TAGCAGGTGT 600
AGAAAAACTG ATGCGTTCAG AGAAAGAACC TATCAGCAAA GAGTTGACTA ACCAGTTGAT 660
CTACGCCTTT TTCATCACTT GGGAAAATAG TTTCCTAAAA GIAAATCAAA AAGATGAAAA 120
AATTCGTCTT CTGGTGATTG AAAGAAGTTT TAACAGTGTT GGTAATTTCC TAAAAAAGTA 780
CATCGGAGAG TTTTTTAGCA TCACAAACTT CAATGAGCTA GATGCTCTGA CTATCGATCT 840
AGAAGAGATT GAAAAACAGT ACGATGTGAT CGTGACAGAT GTTATGGTAG GAAAAAGCGA 900
TGAGCTAGAA ATTTTCTTTT TCTACAAAAT GATTCCAGAA GCGATTATTG ATAAGCTCAA 960

CTGCGTTTTT AAACATCAGC TTTGCAGACA GCCTTGCCAC TRGACAAGCC CATCAAGAAC 1020
CCCTTGGACT TTCATCGCAA AGAGGTTATC TTACCCACTC CCCCCAACAA GTTGCATGCC 1080
CCCCTCCACA ATTTAGACAG CCTAACCGCA GCAACTCAAA AACAAATTCA TCATTAATAG 1140
CATTTAGSTC AAAAAGGTGG CAAAAGCTAA AAMAGSTGOT CTTTACCITT TGGCTTATAT 1200

2 o
nﬂﬁﬁﬂ’f’«mﬁ%a GAGTTAAACC CTGARAATGA GGGPTTTTIC CTAAAAATGA 1260

TAACATAASG AGSATAAAGR_TSGCTARAAA TACCACGAAT AGACACTATT CGCTTAGAAA 1320
ATTAAAAACA GGAACGGCTT CAGTAGCGGT TGCTTTAACA GTCGTAGGAG CAGGGTTAGT 1380
AGCAGGGCAG ACAGTAAGAG CAGATCATAG TGATTTAGTC GCAGAAAAAC AACGTTTAGA 1440
AGATTTAGGA CAAAAATTTG AAAGACTGAA ACAGCGTTCA GAACTCTACC TTCAGCAATA 1500
CTATGATAAT AAATCAAATG SATATAAAGG TGACTGGTAT GTACAACAGT TAAAAATGTT 1560
MATCGTGAC TTGGAACAAG CGTATAATGA GCTTAGCGGA GAAGCACATA AAGATGCCTT 1620
AGGGAAACTG GGAATTGATA ACGCTGACCT AAAAGCTAAA ATTACTGAAC TGGAAAAATC 1680
TGTTGAAGAG AAAAATGATG TTTTATCTCA AATTAAAAAG SAACTCGAAG AASGCAGAAAA 1740
AGATATACAA TTTGGACGTG AAGTGCACGC AGCTGATCTT TTAAGGCATA AACAAGAAAT 1300
TGCTGAAAAA GAAAACGTTA TATCTAAGCT CAATGGGGAG CTGCAACCAC TTAAACAAAA 1850
AGTGGATGAG ACGGATCGTA ATCTGCAACA AGAMAAACAA AAAGTTTTAA STTTAGAGCA 1920
ACAGCTAGCT GTCACTAAAG AAAA 'AA GAAAGATTTC GAATTGGCTG CATTAGGCCA 1980
TCAACTTGCA GACAAAGAAT ATAATGCTAA ufmc::] CTTGAGTCAA AATTGGCAGA 2040

AAGAAA GATTTTGAAC TAGCAGCATT AGGTCACCAA CATGCTCATA ATGAGTATCA 2100
AGCAAAACTA cc\e:}nc ATGGACAAAT CAAACAACTA cugecuu AACAMATCCT 2160
AGATGCTAGC CGTAAAGGTA CAGCACGAGA CCTTGAAGCT STTCGCCAAG cruwu’}: 2220
TACGGAAGCT GAATTAAACA ACCTCAAAGC AGAGCTTGCA AAAGTTACAG AACAAAAACA 2280
AATCTTAGAT GCTAGCCSTA AAGGTACAGC ACGAGATCTT GAAGCAGTTC GCAAAAGGAA 2340
M:}ucu GTTGAAGCTG CTCTCAAACA ACTYGAAGAA GAAAACAAAA TTTCAGAAGC 2400
AAGCCGGAAR GGTCTTCGIC GTGACTTGGA CACATCACGT GAAGCTAAGA AACAGGTTGA 2460
AAAAGATTTA Gf:}xc‘nm CTGCTGAACT TGATAAGGTT EAcAGAAGAM AACAAATCTC 2520
AGACGCAAGC CGTCAAGGEC TTCGICGTGA CTTGGAIGCA TCACGTGAAG CTAAAAAACA 2580
AGTTGAAAAA GCTTTAGA
AGACCTTGAA GAAAGCAAGA AATTAACAGA AAAAGAAAAA GCTSAGCTAC AAGSAAAACT 2703

AAGCAAACAG TAAATTAGCT GCTCTTGAAA AACTTAACAA 2640

TSAAGCAGAA 3CAAAAGCCT TCAAAGAACA ATTAGCSAAA CAAGCTGAAG AACTTCCAAA 2760
ACTAAGAGCT GGAAANGCAT TACACTCICA AACCCTCTGAT GCAAAACTAG 3FAAACAAAGC 2820
PSTTCCAGST AAAGGTCAAG TACCACAAGC AGGTACAAAA CCTAACCAAA ACAAAGCACT 2430
AATGAAGGAA ACTAAGAGAC AGTTACCATC AACAGGTGAA ACAGCTAACC CATTCTTCAC 2340
AGCS3GSAGCT CTTACTSTTA TSGCAGCAGE T 2972-.-.

FIG. 2. DNA sequence of the Haelll-Mbol restriction fragment
encoding emm1i2. Solid-line and broken-line arrows indicate the
transcription start sites of emmI2; —10 and —35 regions are noted
upstream of the transcription start sites. The arrow extending from
bases 1309 to 1290 indicates the synthetic oligonucleotide comple-
mentary to the DNA sequence used in the primer extension exper-
iments. Translation start codons are noted at bases 299 and 1280,
and a stop codon is noted at base 1000 by half boxes. The emmI2
gene in S. pyogenes extends beyond the terminal base (2972) noted
here. Direct repeats (10 of 11 bases) extending from base 697 to 707
and base 774 to 784 are underlined. Repeat regions A, B, and C are
bracketed. The emml2 homologous carboxy-terminal region is
indicated by brackets; bases that differed from the emm6 gene are
underlined. r.b.s., Ribosome-binding site.

transcribed at nearly equal frequencies from two tandem,
overlapping promoters separated by 30 bases (Fig. 4a).
Sequencing of the RNA (Fig. 4b) demonstrated that each
transcription start site consists of a set of three bases, where
the center base is the most common start site. The promoter
corresponding to the transcription start site producing the
longer transcript (P;) is composed of a —10 region (TATTA
TTTAA) that is located within a larger, AT-rich region (78 of
110 bp upstream of the ribosome binding site); the —35
sequence (CTGGTCTTTACC) is in agreement with, at most,
four of six consensus sequence bases (TTGACA). Transcrip-
tion from this promoter is also found to proceed from a
purine. The promoter sequence proximal to emmli2 (P;)
differs from the consensus sequences, and its corresponding
trapscription start site is a pyrimidine base. The —10 region
is (CTGAAAAAT), and the —35 region is (TTTACAA
TAGA). We also used primer extension analysis to deter-
mine the 5’ end of the emm1i2 transcript produced by the
low-level M-protein-expressing strain CS64 (Fig. 4a), and
found that transcription proceeds from a third, less often
used transcription start site (P,). Detection of this transcript
in RNA from strain CS24 was variable; therefore, we are
unable to relate P, to the expression of M12 protein. It
should be noted that the emm12 gene transcription start site
lies more than 400 bp downstream from the deletion which
eliminated the Rsal site at base 778 (Fig. 1) that is associated
with diminished expression of M12 protein in strain CS64
(39; unpublished data).

Determination of the emmi2 gene transcriptional unit size.
We also examined by Northern analysis the size of the
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FIG. 3. DNA sequencing strategy and open reading frame map
of the 2,969-bp Haelll-Pvull restriction fragment encoding emm12.
Short vertical lines represent potential start codons (AUG), and
full-length lines represent termination codons. Each rectangle rep-
resents a different reading frame. The solid-line arrows indicate
regions sequenced by dideoxy sequencing of M13 subclones of
plasmid DNA (34), while broken-line arrows indicate DNA se-
quenced by the chemical cleavage method described by Maxam and
Gilbert (24). The open reading frame encoding emm12 begins at base
1280 and is indicated by an arrow; an upstream reading frame (base
299 to 1000) is also revealed.
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a b

FIG. 4. (a) Primer extension reaction products from M* (CS24)
and M~ (CS64) strains of S. pyogenes. Cellular RNA hybridized
with an oligonucleotide complementary to the putative M12 protein-
encoding transcript was extended with reverse transcriptase (see
text). Reaction products indicating transcription start sites (P, P,
and P;) were resolved on an 8% acrylamide-7 M urea gel. Molecular
weight markers consisted of Hpall-digested pBR322 3’ labeled with
[a-32P]dCTP. (b) RNA sequencing ladder of emmI2 transcripts from
CS24 with reverse transcriptase. Molecular weight markers con-
sisted of Hpall-digested pBR322 3’ labeled with [a->*S]dCTP.

emml2 transcriptional unit and the extent to which se-
quences upstream of emmlI2 are transcribed. The use of a
labeled synthetic oligomer (positions 1290 to 1309) as a probe
established that a 2-kb transcript corresponds to emmli2
(Fig. 5, lane c). A transcript of 2 kb can encode one peptide
of 60 kilodaltons; therefore, it is likely that emml2 is
monocistronic. Northern blot analysis of strains CS24 and
CS64 RN As (Fig. 5, lanes a and b), with the nick-translated
insert from plasmid pPC124 used as a probe (encoding the 5’
end of emmI2 and more than 1 kb of upstream sequence),
showed that the diminished M protein in strain CS64 is the
consequence of reduced transcription of emmI2 and estab-
lishes that a 2-kb transcript corresponds to the emmI2 gene.
Minor high-molecular-weight bands (Fig. 5, lane b) may
represent unprocessed, full-length transcripts or transcripts
emanating from the region adjacent to and upstream of the
emml2 gene. Transcription of emml2 in strain CS64 is
diminished by more than 100-fold as compared with its
parent, strain CS24, according to dot blot analysis by using
a double-stranded probe (insert DNA from plasmid pPC124)
(Fig. 6).

DISCUSSION

The expression of numerous group A streptococcal genes,
M proteins (10, 18, 39), streptococcal pyrogenic toxin (16,
45), streptolysin (19), and streptokinase (22) by E. coli
demonstrates that E. coli RNA polymerase is able to recog-
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FIG. 5. Northern blot of M* (CS24) and M~ (CS64) RNA. Lanes
a and b were probed with nick-translated insert DNA from plasmid
pPC124. Lane ¢ was probed with a terminal deoxynucleotidyl
transferase-labeled oligonucleotide complementary to the emmil2
transcript region encoding the M12 protein leader sequence. E. coli
rRNA 16S and 23S were used as molecular weight standards.

nize promoter sequences of at least some genes from gram-
positive organisms. However, little is known about the
fidelity of transcription from these promoters or whether
controlling elements native to streptococci function in E.
coli. ‘

The emmi2 gene and the adjacent 5 DNA previously
cloned by our laboratory (39) were sequenced and analyzed
in this study to define promoter and other regulatory genes
that could participate in the genetic instability of the M™*
phenotype. The DNA sequence data show that a termination
codon is not present in the reading frame encoding emmi2,
a fact which indicates that the clones analyzed thus far lack
the carboxy terminus of M protein and which predicts that
emml2 encodes a peptide of >73,075 M,, a size that is
greater than those reported for the M12 protein from other
strains (58,000 and 64,000 M.s) (11, 43, 44) but that is
consistent with the size variation reported for M protein (11).
If the unsequenced end of emmI2 encodes a carboxy termi-
nus identical to that of the M6 protein, then the M12 pro-
tein is 74,662 M,. The predicted protein physically re-
sembles other M proteins of known sequence; first, the first
41 amino acids corresponding to the M12 leader sequence

FIG. 6. Dot blot quantitation of emml2 transcripts from S.
pyogenes. Duplicate samples of stepped (1:2) dilutions of RNA from
M cells, strain CS24 (lane a), and M~ cells, strain CS64 (lane b),
were probed with nick-translated insert DNA from plasmid pPC124.
Strain CS24 RNA was one-half as concentrated as strain CS64
RNA.
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are nearly identical to those of the M1 (26a), M24, and M6
proteins (E. Haanes-Fritz, V. Burdett, E. H. Beachey, and
P. Cleary, submitted for publication); second, the carboxy
end of the molecule (bp 2375 to 2972) shares 98% homology
with the carboxy end of the M6 molecule. The carboxy
terminus of the M12 protein constitutes a constant region of
the M protein that includes both the membrane anchor and
proline-rich region of the M protein, as well as both repeat C
(99 bp) regions (Fig. 2) (14). The émmi2 gene also contains
two other direct repeat units of greater than 80% homology:
repeat A (75 bp; 84%; 63 of 75 bp) and repeat B (75 bp; 88%;
66 of 75 bp) (Fig. 2).

Multiple promoters control expression of numerous bac-
terial genes, including the carA (2, 28), ginA (30), and M1
RNA (27) genes of E. coli and the spoVG gene of B. subtilis
(17). Tandem prometers differ in their spacing, strength, and
activity under various enrivonmental or physiological con-
ditions. Here, we described two equally active promoters, P;
and Ps, separated by 31 bp. P; has —10 and —35 sequences
that are very similar to other procaryotic consensus se-
quences (32). Although the —10 and —35 regions of P; were
similar to those of other promoters, both varied enough from
consensus sequences to question the role of P; as an
independent promoter. The transcript emanating from P;
could be an artifact of reverse transcription during the
primer extension reaction, as a string of six adenylates
immediately downstream of the P; start may cause reverse
transcription to stall at this point. The possibility that the 5’
termini of the isolated mRNA are the result of processing
should also be considered, and the potential of these se-
quences to bind RNA polymerase should also be tested.
Experiments are in progress which will further test the
importance of these start sites in the streptococcal cell.
Should these transcripts prove to be initiated from separate
promoters, we presume that they are differentially expressed
under specific environmental conditions and provide the
streptococcal cell with the potential to quantitatively vary
the amount of M protein on its surface. At this time our
information is inadequate to allow speculation as to the role
that dual promoters might play in the pathogenesis of this
organisin.

The DNA sequences directly upstream of both emmi2 (bp
1115 to 1279) and emm6 are nearly identical (163 of 165 bp),
a fact that is consistent with the high degree of homology
found to exist in this region by Southern blot analysis (12).
Hollingshead et al. (14), in reporting the nucleotide sequence
of the emmé6 gene, identified three potential promoters
upstream of the erim6 gene. Our experimentally demon-
strated transcrlptlon start sites and deduced promoter se-
quences are in variance with the sequences they designated
to be promoters based on comparisons with the —10 and —35
procaryotic promoter consensus sequences (32). Clarifica-
tion of these differences awaits the experimental demonstra-
tioh of the emm6 transcription start sites.

Northern analysis of strain CS64, a spontaneous M~
variant of the M™ strain CS24, demonstrated a decreased
level of M-protéin-specific mRNA which accompanied the
small deletion of DNA carried by this culture. Primer
extension of M-protein-specific mRNA produced by strain
CS64 corroborated Northern analysis in that RNA initiated
at P, and P; was absent. A third minor mRNA species,
however, also hybridized to the oligomeric probe (Fig. 4a).
Our experimental data do not relate this mRNA species to
M-protein expression, nor can we be certain that it is not
transcribed from a gene which is partially homologous to the
probe. Although this third minor species of mRNA is not
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detected in RNA from the M ™ strain in this study, it has been
detécted in this strain in other studies.

The primary transcript encoding the M protein is of a
length that could encode only one protein, assuming that
only a single réading frame is used. This finding has impli-
cations in light of reports that colony morphology (35) and
cell surface components, for example, hyaluronic acid (3),
C5a peptidase (47), and serum opacity (3), appear to be
coregulated with the M protein. The location of genes
encoding these markers relative to emmI2 is unknown, but
the data presented suggest that there is another means by
which these markers could be concurrently expressed.
Subcloning experiments and analysis of the M~, hyaluronic
acid-negative (3), C5a peptidase-negative (47) mutant strain
CS64 suggests that a region of DNA upstream from the
emmli2 promoter is required for full expression of the M
protein and, possibly, other virulence factors.

Two independent genetic approaches indicate that the
DNA sequence outside the M12 promoter and structural
gene is required for full expression (35). Subclones which
contain both emmlI2 promoters and more than 1 kb of
upstream DNA fail to produce M12 antigen in E. coli, while
those carrying additional DNA, including the Pvull site
(—1650 bp) (Fig. 1), are able to produce antigen. Strain
CS64, a spontaneous M~ streptococcal variant, has been
shown to harbor a small deletion which alters the Rsal site at
base 778 (39; unpublished data) and which reduces emmi2
transcription by more than 100-fold. Thus, the presence of
an intact promoter and structural gene in streptococcal cells
or in E. coli does not ensure expression of the emmli2
product; therefore, we postulate that this region encodes
either a trans-active factor or a cis-acting DNA sequence
that promotes transcription of the emmlI2 promoter. The
large size of the required segment of DNA, at least 1 kb, is
more indicative of a trans-active gene product; this is
supported by the fact that the deletion carried by strain CS64
is located in an open reading frame that extends from base
299 to 1000 (Fig. 2). By Southern analy51s of other mdepen-
dent M~ variant strains, deletions in this upstream region
have also been detected (34). The association of deletions
with the M~ phenetype is not fortuitous, as 20 wild-type M*
cultures from isolated colonies of strain CS24 and 5 M*
cultures of other M12 strains did not reveal deletions in this
region (34; unpublished data).

Our data do not implicate .deletion formation as the
primary source of genetic instability of the M-protein phe-
notype, nor do we know whether the nearly identical dele-
tions found in strains CS64 and CS46 (39) are the conse-
quence of random mutations or programmed genetic events.
We propose that direct repeats (10 of 11 bp) at 697 to 707 bp
and 774 to 784 bp in strain CS24 could provide sites for
homologous recombination which could result in deletion
of 77 bp and the elimination of the Rsal site at position
778.

The requirement of the arg locus for the expression of
numerous extracellular gene products, including the toxic
shock syndrome toxins; in Staphylococcus aureus (29) and
the coordinate expression of distantly mapped genes encod-
ing virulence factors in Bordetella pertussis (46) serve as a
model for our interpretation of how expression of multiple
streptococcal markers is regulated. Our results prompt us to
postulate that streptococci contain a constellation of genes
encoding cell surface and extracellular proteins that are
controlled by a common regulatory element. The fact that
this element is required for the expression of emmi2 in E.
coli indicates that the fidelity of transcription of these
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streptococcal genes is maintained in E. coli and will facilitate
our future investigation of this regulatory circuit.
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